INTRODUCTION
The green turtle Chelonia mydas is a long-lived, primarily herbivorous sea turtle species that is globally distributed in tropical and subtropical waters. It is listed as Endangered on the IUCN Red List of Threatened Species (IUCN 2010) . In Japan, the Yaeyama and Ogasawara Islands are major nesting grounds for green turtles (Abe et al. 2003) , while the wide range of coastal waters along the Japanese archipelago are their feeding grounds (Hamabata et al. 2009 ). Mitigation of the incidental capture of green turtles by fisheries (Gilman et al. 2010 ) and the establishment of coastal management for conserving their nesting habitat (Watanabe 2010) have been partially achieved in Japan, but information on population structure is required for effective conservation.
Genetic analyses are commonly used to investigate the geographic differentiation, population structure, and migration (Bowen & Karl 2007 and references therein) of this endangered species. Although patterns of mitochondrial DNA (mtDNA) variation of green turtles in Japanese feeding grounds have been published recently (Hamabata et al. 2009 , Nishizawa et al. 2010 ABSTRACT: Patterns of mitochondrial DNA (mtDNA) variation and microsatellite genotyping were used to analyze the population genetic structure of nesting green turtles Chelonia mydas (n = 67) in the Yaeyama Islands of Japan, which represent the northern limit of green turtle nesting in the western Pacific Ocean. The composition of a mixture of 6 mtDNA haplotypes from 3 rookeries, southwestern (SW) Iriomote Island (n = 26), eastern (E) Ishigaki Island (n = 29), and northwestern (NW) Ishigaki Island (n = 12), produced genetic diversity values (haplotype diversity h = 0.582 to 0.638, nucleotide diversity π = 0.0138 to 0.0244) within the high end of the range found in previous studies. The phylogeny of haplotypes, representing 3 distinct clades, indicated historical introgressions by individuals with divergent haplotypes from both Pacific colonies and Indian and Southeast Asian colonies. Significant genetic differentiation, at least between SW Iriomote Island and Ishigaki Island in which samples from E and NW Ishigaki were combined, was observed based on mtDNA; this indicated precise female natal philopatry compared to other Pacific and Indian regions, although microsatellite analyses of 4 markers revealed no significant genetic differentiation. Further studies are needed to clarify the precision of natal philopatry and male-mediated gene flow; however, this study provides valuable insights about the phylogeography of green turtles in Japan. Our results also underscore the need for green turtle conservation in the northwest Pacific Ocean.
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Resale or republication not permitted without written consent of the publisher genetic variation in the green turtles nesting in Japan remains poorly understood. This paucity of genetic information on populations in the northwestern Pacific has hindered prioritization of green turtle conservation in the northwest Pacific. In this report, we present mtDNA sequences from nesting green turtles in the Yaeyama islands, Japan, where relatively small but consistent numbers of turtles nest (estimated number of total nesting females on Ishigaki Island in the Yaeyama Islands is 75 at most; Abe et al. 2003) . Despite this relatively small annual nesting population size, the present study is important for revealing genetic diversity, phylogeography, and the migration of green turtles in the northwestern Pacific region. First, we discuss the phylogeographic relationship implied by patterns of mtDNA haplotypes. A matrilineal genealogy from the mtDNA of Atlantic green turtle nesting populations has suggested phylogeographic patterns that could be interpreted as historical dispersal events from equatorial regions to higher latitudes after the Last Glacial Maximum (Encalada et al. 1996 , Reece et al. 2005 ). In the Western Pacific and Indian Oceans, however, the phylogeographic relationships of green turtles between equatorial regions and higher latitudes remain to be validated. The Yaeyama Islands are of particular biogeographic interest for green turtle studies because they are the northern limit of their nesting in the Pacific Ocean. Therefore, the Yaeyama nesting populations are thought to exhibit a genetic structure reflecting colonization from equatorial regions, as in the Atlantic (Encalada et al. 1996 , Reece et al. 2005 .
Second, we examined the genetic differentiation among Yaeyama nesting rookeries, located within 60 km of one another, to estimate management units and the precision of natal homing (Dethmers et al. 2006) . Female turtles are known to nest at their natal areas at ecological timescales (Encalada et al. 1996 , Bowen & Karl 2007 , resulting in significant genetic differentiation among rookeries (Norman et al. 1994 , Bass et al. 1996 . However, the geographical specificity of homing is uncertain, and thus the issues of genetic differentiation among rookeries and precision in natal homing require additional research. We employed microsatellite typing in addition to mtDNA control region sequencing because of their complementary features.
MATERIALS AND METHODS
Samples. In total, we sampled 67 nesting females from nesting sites on Ishigaki and Iriomote Islands in the Yaeyama group of islands, Japan (Fig. 1) . Nesting females were identified by tagging during nightly patrols. Small pieces of tissue (ca. 5 mm in diameter), which were recovered while punching hind flippers for tagging, were collected and stored in 99% EtOH. Nesting sites were divided geographically into southwestern (SW) Iriomote Island (n = 26), eastern (E) Ishi- Analysis of mtDNA sequences. DNA was extracted from a small amount of tissue and prepared for polymerase chain reaction (PCR) using the Blood & Tissue Genomic DNA Extraction Miniprep System (Viogene). An approximately 520 bp segment of the mtDNA control region was amplified with PCR using the primers CMMTF1 (5'-CTT AAA CCT TCA TCC CCG GTC-3') and TCR6 (5'-CAA GTA AAA CTA CCG TAT GCC AGG-3'; Norman et al. 1994 ) and semi-nested PCR using the primers LTCM2 (5'-GGT CCC CAA AAC CGG AAT CC-3'; Encalada et al. 1996 ) and TCR6, as described by Nishizawa et al. (2010) . Typically, 3 µl of template were used in a 20 µl PCR reaction containing 2.0 µl 10 × PCR buffer, 1.6 µl dNTPs (at 2 mM), 1.0 µl forward and reverse primers (at 2.0 µM), and 0.1 µ ExTaq polymerase (Takara) using standardized conditions of denaturing at 94°C for 30 s, annealing at 56°C for 30 s, and extension at 72°C for 60 s (35 cycles). The sequencing reactions (forward and reverse) were performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems; see Nishizawa et al. 2010 for details). Products were purified with the CleanSEQ (Agencourt; Beckman Coulter) and analyzed using a 3130xl Sequencing Analyzer (Applied Biosystems).
Sequence alignments were performed using CLUSTALW v2.0 (Larkin et al. 2007 ). Population genetic parameters, nucleotide diversity (π) and haplotype diversity (h), were estimated in ARLEQUIN v3.1 (Excoffier et al. 2005) . A neighbor-joining tree (Saitou & Nei 1987) was constructed, and bootstrap analysis (10 000 replicates) was performed using MEGA v4.0 (Tamura et al. 2007 ). For all tests that required estimates of sequence divergence, we used the TamuraNei model of nucleotide substitutions, which was designed for control region sequences (Tamura & Nei 1993) . Although FindModel (www.hiv.lanl.gov/) showed that the best-fit model of nucleotide substitution was the Hasegawa-Kishino-Yano model (Akaike's information criterion [AIC] = 1703.89; Hasegawa et al. 1985) and that the second best-fit model was the Tamura-Nei model (AIC = 1705.84), we adopted the more general Tamura-Nei model because it is supported in most population genetic analyses software packages, as noted by Dethmers et al. (2006) .
Population differentiation among Yaeyama rookeries was evaluated using an analysis of molecular variance (AMOVA; 10 000 permutations; Excoffier et al. 1992) , pairwise genetic differentiation (Φ ST ) tests (10 000 permutations), and an exact test of population differentiation (500 000 steps in a Markov chain with a 10 000-step dememorization; Raymond & Rousset 1995) in ARLEQUIN. These tests were also conducted for comparisons between Yaeyama and other Pacific nesting populations ( Fig. 1 ): Taiwanese rookeries (Cheng et al. 2008) , eastern Pacific rookeries of Mexico (Chassin-Noria et al. 2004) , Hawaii, and Galapagos , and 17 Australasian rookeries defined by Dethmers et al. (2006) . Sequences were truncated to 380 bp for these comparisons.
Analysis of microsatellite loci. We used 4 microsatellite markers (Cc1G02, Cc8E07, Cc5H07, Cc7E11) developed recently for loggerhead turtles (Shamblin et al. 2007 ) but that are polymorphic in green turtles (primers for Cc8E07 were modified). Primers were labeled at the 5' end with FAM, VIC, or NED fluorescent dyes. Typically, a 3 µl template was used in 20 µl PCR reactions containing 2.0 µl 10 × PCR buffer, 2.0 µl dNTPs (at 2 mM), 0.8 µl MgSO 4 (at 25 mM), 1.5 µl forward and reverse primers (at 2.0 µM), and 0.4 µl KODPlus (Toyobo) under the following conditions: 2 min at 94°C, followed by 35 cycles of 15 s at 94°C, 30 s at 58°C, and 20 s at 68°C. Genotypes were determined by approximate allele size using a 3130 Sequencing Analyzer and GENEMAPPER v3.5 software with GeneScan 500 LIZ (all from Applied Biosystems) as the size standard. We tested conformity to Hardy-Weinberg expectations and independent assortment using ARLEQUIN v3.1. Expected heterozygosity was calculated at each locus for each population using ARLE-QUIN, and population heterozygosities were compared while controlling for between-locus variation using an unreplicated 2-way analysis of variance (ANOVA).
The genetic heterogeneity of all populations and between pairwise populations was determined using an exact test (G-based test) that assumes random samples of alleles implemented in GENEPOP v4.0 (Rousset 2008) . The null hypothesis was that alleles were drawn from the same distribution in all populations. Fixation indices based on an infinite allele model, F ST (Weir & Cockerham 1984) , and a stepwise mutation model, R ST (Slatkin 1995) , were estimated using ARLEQUIN to determine the extent of population subdivision among samples.
RESULTS
Screening for polymorphisms within the 520 bp mtDNA control region fragment among 67 turtles revealed 6 distinct haplotypes (Table 1) . Of 32 polymorphic sites, 28 were transitions, 1 contained both a transition and transversion, and 3 were characterized by indels. A 3 bp deletion was unique to haplotype CMJ25 (GenBank accession no. AB472324), and a single base insertion distinguished haplotypes CMJ16 (AB472315) and CMJ18 (AB472317) from the others. A duplication of 4 bp was found in haplotypes CMJ16, CMJ18, and CMJ25. The 6 haplotypes differed by between 1 and 26 observed mutations. The neighborjoining tree of the 6 haplotypes ( Fig. 2) identified 3 distinct clades corresponding to 3 of the 5 clades of haplotypes observed in Australasian nesting populations (Dethmers et al. 2006) . Haplotypes CMJ8 (AB472307) and CMJ11 (AB472310) in the present study contained sequences identical to A3 (CMP20) and A4 (CMP77), respectively, presented by Dethmers et al. (2006) . In addition, when haplotypes detected from the Yaeyama Islands were compared to those found in the Pacific and listed on the Southwest Fisheries Science Center website (http://swfsc.noaa.gov/textblock.aspx?Division =PRD&ParentMenuId=212&id=11212), CMJ6, CMJ18, and CMJ25 contained sequences identical to CMP54, CMP39, and CMP50, respectively. CMJ16 did not match any sequences listed in this website.
Despite the identification of divergent clades, phylogeographic structuring among rookeries was diminished by the occurrence of several common haplotypes (Table 1) . That is, CMJ6 was observed in all populations at relatively high frequencies. In addition, all populations exhibited haplotypes in multiple clades. This was reflected in the AMOVA results, which indicated that 88.11% of the genetic variability resided within rookeries. The variance component among populations was small (11.89%) relative to that within populations but was nonetheless significant (Φ ST = 0.1189, p = 0.011). Pairwise Φ ST tests (Table 2a) (Table 2a) confirmed the population differentiations between SW Iriomote and E Ishigaki (p = 0.024) or NW Ishigaki (p = 0.002) islands, but no significant differentiation between the E and NW Ishigaki rookeries (p = 0.150).
We combined the E and NW Ishigaki rookeries, which individually showed no significant differentiation, and repeated the tests for population subdivision such that they examined relationships between SW Iriomote and Ishigaki Islands. The comparison indicated a highly significant population differentiation (Table 2b) Fig. 2 . Green turtle phylogeny describing the relationships among 6 mitochondrial DNA (mtDNA) control region haplotypes (the CMP system is also used; http://swfsc.noaa.gov/). Nomenclatures of the clades correspond to Dethmers et al. (2006) . Neighbor-joining tree shows percent bootstrap support. Branch lengths are pro portional to the percent sequence divergence indicated by the scale Four primer pairs of microsatellite loci generated polymorphic products. For Cc1G02 and Cc7E11, all alleles were distinguished by increments of 4 bp, whereas for Cc8E07 and Cc5H07, alleles exhibited 1 bp increments in addition to 4 bp increments. This may reflect an indel mutation, but we did not take this mutation into consideration in our subsequent analyses because it would have exhibited a different mutation rate than a slippage of 4 bp. No deviations from Hardy-Weinberg equilibrium (Table 4) or significant linkage disequilibrium were detected after sequential Bonferroni correction. All 4 microsatellite loci showed high levels of polymorphism, with 11 to 18 alleles and expected heterozygosities ranging from 0.73 to 0.91 (Table 4) .
Expected heterozygosity did not vary significantly between populations (2-way ANOVA; p = 0.791), taking into account differences in heterozygosity between loci (p = 0.005). In addition, genetic differentiation tests of all populations and pairwise populations (Table 2c) 
DISCUSSION
Here we have reported the sequences of nesting green turtles in the northwestern Pacific for the first time. The patterns of mtDNA indicated some characteristic features. The 3 clades observed in this study (Fig. 2) correspond to 3 of the 5 clades of haplotypes observed in Australasian nesting populations (Dethmers et al. 2006) . Composition of a mixture of divergent haplotypes of mtDNA in all rookeries in our study resulted in genetic diversity values within the high end of the range found for other sea turtle populations (Lahanas et al. 1994 , Encalada et al. 1996 , Chassin-Noria et al. 2004 , Dethmers et al. 2006 , Bourjea et al. 2007 ; Table 1 ). The high π values may reflect historical introgressions by individuals with divergent haplotypes or multiple colonization events (Chassin-Noria et al. 2004 , Cheng et al. 2008 . Actually, comparisons between Yaeyama and other Pacific rookeries indicated that nesting populations of SW Iriomote or Ishigaki have more similar genetic structure to those of Ashmore Reef in Australia, or Papua New Guinea (Dethmers et al. 2006) , respectively, than nearer Taiwanese populations (Cheng et al. 2008 ; Table 3 ). This probably reflects that nesting populations of Ashmore Reef and Papua New Guinea have haplotypes from Clades I and V and contain CMJ8/CMP20. During the Last Glacial Maximum, the advancement of continental ice sheets and the consequent drop in sea level probably reduced the range of suitable sea turtle habitats to a narrow tropical margin (Encalada et al. 1996 (Encalada et al. , 1998 . Thus, equatorial regions have served as green turtle refugia during glacial maxima, with subsequent colonizations to higher latitudes during warmer interglacial periods (Encalada et al. 1996 , Reece et al. 2005 . In the southwestern Pacific, a land barrier formed between northeastern Australia and New Guinea during the Pleistocene was thought to induce genetic breaks of Australasian green turtles between the Pacific and Indian oceans and Southeast Asian populations (Dethmers et al. 2006) . Clade V was dominant in the Pacific rookeries, and Clades IV and I were dominant in the Indian Ocean and Southeast Asian rookeries, respectively (Dethmers et al. 2006) . Because the nesting populations on the Yaeyama Islands, located in the western Pacific at the northern limit of the green turtle nesting range, exhibit both of these distinct haplotypes, the populations would have colonized both from equatorial Australasian and Southeast Asian regions after glacial periods.
The results of mtDNA analyses in this study showed a significant population subdivision at least between SW Iriomote Island and Ishigaki Island (Table 2b) . In previous studies, analyses of mtDNA structure found that geographically distant rookeries exhibited heterogeneous haplotype frequencies, supporting female natal homing (Norman et al. 1994 , Encalada et al. 1996 . Therefore, although most previous mtDNA studies on green turtles indicated a lack of population differentiation among rookeries within 150 km (Chassin-Noria et al. 2004 , Dethmers et al. 2006 , Bourjea et al. 2007 ), the nesting populations on the Yaeyama Islands appear to be differentiated between rookeries within 60 km. Genetic differentiation within similar geographic range is also found in those on Taiwanese rookeries (Cheng et al. 2008) . The Φ ST value indicated that the NW Ishigaki Island population was not significantly differentiated from that of SW Iriomote Island after sequential Bonferroni correction, but the p-value was close to significance. The conservative nature of Bonferroni correction (Moran 2003 , Narum 2006 suggests that more samples may confirm the significant difference between NW Ishigaki Island and SW Iriomote Island populations. Alternatively, other methods such as mark-recapture or satellite telemetry are needed to clarify this finding, but precise female natal philopatry was indicated in this study.
We did not detect genetic differentiation from microsatellites (Table 2c,d). As previous studies have noted (FitzSimmons et al. 1997 , Roberts et al. 2004 , Bowen et al. 2005 , male-mediated gene flow between populations can readily explain the reduced popula- tion structure registered in nuclear markers relative to mitochondrial markers (Bowen et al. 2005) . However, small numbers of samples and markers make this difficult to conclude. Further studies with more samples or markers would be needed. Recently, regional management units have been suggested to provide a framework for assessing highdiversity areas and evaluating the conservation status of sea turtles (Wallace et al. 2010) . Our study revealed that the Yaeyama nesting populations exhibit relatively high genetic diversity, likely as a result of historical emigration from divergent tropical colonies, despite relatively small or obscure numbers of nesting turtles at least in Ishigaki Island (Abe et al. 2003) . In Japan, green turtles not only in feeding grounds (Hamabata et al. 2009 , Nishizawa et al. 2010 ) but also on nesting beaches have relatively high genetic diversity. Considering that green turtle nesting populations of Wan-an Island in Taiwan, another nesting rookery in the Northwestern Pacific, also show high genetic diversity (Cheng et al. 2008) and are significantly differentiated from those of the Yaeyama Islands, a regional management unit of Northwestern Pacific green turtles (Wallace et al. 2010 ) is important in terms of conserving genetic diversity. Moreover, the significant genetic differentiation among the Yaeyama Islands as revealed by mtDNA analysis may indicate precise female natal philopatry, as among Taiwanese rookeries. The findings indicate that nesting females of green turtles in the Yaeyama Islands have precise natal philopatry at ecological timescales, although the nesting populations had been formed by immigration from divergent tropical colonies at historical timescales. Considering that natal philopatry is related to their response to changes in the availability of nesting sites over time (Dethmers et al. 2006) , Yaeyama nesting populations may have a high priority for conservation. Although further studies are needed to clarify the precision of natal philopatry and male-mediated gene flow, this study indicated some phylogeographic features of and conservation priorities for northwest Pacific green turtles. 
